Many models of mutualisms show that mutualisms are unstable if hosts lack mechanisms enabling preferential associations with mutualistic symbiotic partners over exploitative partners. Despite the theoretical importance of mutualism-stabilizing mechanisms, we have little empirical evidence to infer their evolutionary dynamics in response to exploitation by non-beneficial partners. Using a model mutualism-the interaction between legumes and nitrogen-fixing soil symbionts-we tested for quantitative genetic variation in plant responses to mutualistic and exploitative symbiotic rhizobia in controlled greenhouse conditions. We found significant broad-sense heritability in a legume host's preferential association with mutualistic over exploitative symbionts and selection to reduce frequency of associations with exploitative partners. We failed to detect evidence that selection will favour the loss of mutualism-stabilizing mechanisms in the absence of exploitation, as we found no evidence for a fitness cost to the host trait or indirect selection on genetically correlated traits. Our results show that genetic variation in the ability to preferentially reduce associations with an exploitative partner exists within mutualisms and is under selection, indicating that micro-evolutionary responses in mutualism-stabilizing traits in the face of rapidly evolving mutualistic and exploitative symbiotic bacteria can occur in natural host populations.
Many models of mutualisms show that mutualisms are unstable if hosts lack mechanisms enabling preferential associations with mutualistic symbiotic partners over exploitative partners. Despite the theoretical importance of mutualism-stabilizing mechanisms, we have little empirical evidence to infer their evolutionary dynamics in response to exploitation by non-beneficial partners. Using a model mutualism-the interaction between legumes and nitrogen-fixing soil symbionts-we tested for quantitative genetic variation in plant responses to mutualistic and exploitative symbiotic rhizobia in controlled greenhouse conditions. We found significant broad-sense heritability in a legume host's preferential association with mutualistic over exploitative symbionts and selection to reduce frequency of associations with exploitative partners. We failed to detect evidence that selection will favour the loss of mutualism-stabilizing mechanisms in the absence of exploitation, as we found no evidence for a fitness cost to the host trait or indirect selection on genetically correlated traits. Our results show that genetic variation in the ability to preferentially reduce associations with an exploitative partner exists within mutualisms and is under selection, indicating that micro-evolutionary responses in mutualism-stabilizing traits in the face of rapidly evolving mutualistic and exploitative symbiotic bacteria can occur in natural host populations.
Introduction
Mutualistic interactions between two species occur when both partners exchange reciprocal fitness benefits [1, 2] . Despite the ubiquity of mutualisms in nature, partners are known to vary in the fitness rewards they provide [1, 3] , and phenotypes or species that exploit the mutualism are common (reviewed in [3] ). Exploiters, by definition, are thought to have a fitness advantage over their mutualistic competitors because they receive benefits while providing fewer or no rewards to their interacting partners [3, 4] . Because of the apparent fitness benefits of exploitation, mutualisms are predicted to be susceptible to invasion and spread of species or phenotypes that exploit the interaction [5] [6] [7] [8] [9] [10] , which could lead to a breakdown in the mutualism [11] . Yet mutualisms persist through time, and very little breakdown or shift is observed in nature, suggesting that mechanisms exist that maintain their stability [11] [12] [13] [14] [15] [16] [17] [18] . Despite the theoretical and empirical importance of mutualism-stabilizing mechanisms, there is little empirical evidence on whether genetic variation exists for these underlying mechanisms, a fundamental prerequisite for any evolutionary response that would either stabilize or destabilize mutualisms [19] . Here, we test for standing genetic variation in mutualism-stabilizing traits in populations of host plants that form mutualistic associations with symbiotic soil microbes, and whether these traits are subject to natural selection.
For hosts interacting with symbiotic partners, theory has demonstrated that mutualisms can remain stable through several mechanisms: partner fidelity feedback [5, 15] , partner choice [15] and host sanctions [16] . While there is debate on the origin and the maintenance of these mechanisms [20 -23] , their viability as an evolutionary stable state [15] [16] [17] 24] , and how we can distinguish between them in natural systems [20, 22, 25] , all three mechanisms share a common outcome: the host increases the relative fitness of more beneficial partners and/or decreases the relative fitness of less beneficial or exploitative partners. Given the recurrent observation of exploitative partners [4, 8, 26] , selection on stabilizing mechanisms is predicted to be strong because exploitative symbionts are assumed to have negative effects on host fitness [13, 16, [27] [28] [29] [30] (but see [31] ). If there is a cost to stabilizing mechanisms, in the absence of exploiters, selection will favour the loss of host stabilizing traits [17] .
In the mutualism between legumes and rhizobia, both partners gain substantial fitness benefits from the interaction [32] . Rhizobia form infections on legume roots and fix atmospheric nitrogen into a plant available form in return for protection (i.e. residence inside a root nodule) and carbon metabolites from the host [32] . However, nodule production is energetically expensive [33, 34] , so a conflict of interest between the host and bacteria (from the host's perspective) limits the number of rhizobial infections a plant forms [8] . An individual legume host typically associates with multiple rhizobia strain genotypes and is also known to form biased infections with some rhizobia genotypes over others, leading to higher fitness rewards for rhizobial genotypes with higher nodule occupancy [35] . Non-beneficial symbionts co-occur with beneficial partners in both natural and agricultural systems [36] [37] [38] [39] [40] [41] , and selection favours less beneficial rhizobia in the absence of mutualism-stabilizing mechanisms [42] . Empirical evidence also suggests that legumes possess stabilizing traits that reduce overall infection by less beneficial or non-beneficial partners, which is expected to stabilize the mutualism by reducing fitness rewards to non-beneficial genotypes and prevent them from spreading to fixation in populations [27] [28] [29] [30] 43] . Although the microevolution of stabilizing mechanisms will directly affect mutualism stability or breakdown, we have little data on whether they are genetically variable or subject to natural selection, and how they evolve in contemporary populations.
In this study, we address two outstanding empirical issues that have critical implications for the evolutionary dynamics of mutualism stabilizing traits. First, we ask whether stabilizing traits in a natural host population meet the fundamental requirements for a response to natural selection. Second, we examine the potential evolutionary dynamics of mutualism-stabilizing traits in the absence of exploiters by testing for the presence of a cost to the trait, and whether they are likely to evolve due to selection on genetically correlated traits. Collectively, these forces could facilitate the loss or maintenance of stabilizing traits in the presence and absence of exploitative partners.
Using a quantitative genetic framework (cf. [44, 45] ), we exposed a large legume population to soil containing a mixture of mutualist and exploitative rhizobia strains, and estimated the degree of exploiter infection-a mutualism-stabilizing trait reflecting a host's ability to influence the frequency of nonbeneficial rhizobia and prevent the spread of exploiters by increasing fitness rewards to beneficial rhizobia through biased infection frequency. We find significant genetic variation for differential association with exploitative partners and direct natural selection to reduce the percentage of symbiotic infections by exploitative partners. Our results suggest that mutualismstabilizing traits in natural legume populations have potential to evolve in response to exploiters. However, we found no evidence for fitness costs of the trait or indirect selection on other correlated traits, suggesting that costs will not lead to the loss of stabilizing traits in the absence of exploitation.
Material and methods (a) Natural history: plant populations and rhizobia strains
Medicago lupulina is a common exotic that grows in roadsides, fields and disturbed habitats in North America. It is largely selfing and typically forms facultative symbiotic associations with rhizobia in the Ensifer genus ( previously Sinorhizobium [46] ), especially Ensifer medicae and Ensifer meliloti in southern Ontario [47] . We collected plant lines from 11 sub-populations at the Koffler Scientific Reserve (www.ksr.utoronto.ca) from a range of habitats (old fields, recently disturbed fields, along paths and roads). Sites were at least 100 m apart and spanned an approximately 1.2 km 2 zone on the reserve. Prior to the experiment, we selfed lines for one generation in a common greenhouse environment to equalize maternal effects and randomly selected 10 plant lines from each sub-population. Although the genetic variation measured in our experiment represents broad-sense variation (additive and non-additive), M. lupulina shows high selfing rates in natural populations (95.8% [48] ), and hence selection will act on broad-sense variation [49] .
We used two rhizobia strains: a mutualist rhizobia strain (RB7) collected as a wild isolate from a M. lupulina individual from the largest sub-population at the reserve, and an exploitative rhizobia strain (T173, obtained from [49] ) that was isolated from Meliloti albus in a fallowed field in southern Ontario. Bromfield et al. [50] collected T173 from a field where M. albus and M. lupulina co-occur, and it thus represents a strain that M. lupulina can potentially encounter [51] . Previous phylogenetic analysis indicates that T173 nests within the Ensifer clade of mutualist rhizobia, including the mutualist rhizobia strain RB7 used in this study [31, 51] . T173 forms non-fixing nodules on multiple legume hosts in the Medicago genus and its original host, Melilotus alba [51] .
During preliminary inoculation trials, both strains formed nodules on M. lupulina; single-strain inoculations of T173 consistently formed many small non-fixing, white nodules (i.e. ineffective nodules), while RB7 tended to form large, pink nitrogen-fixing nodules in addition to a fraction of small white immature nodules, similar in appearance to nodules induced by T173 but occupied by RB7 (see the electronic supplementary material, appendix A) and is consistent with other MedicagoEnsifer studies reporting small numbers of white nodules in mutualist-only inoculations [52, 53] . When T173 was inoculated as a single strain on M. lupulina, we observed faster plant death compared with uninoculated controls and 100% mortality when plants produced their third true leaf (on average), well before flowering [31] . When supplemented with high nitrogen fertilizer, the exploiter reduced host biomass and delayed flowering compared with uninoculated controls [31] . We confirmed strain identity on agar media with differing antibiotic resistance profiles: T173 can be distinguished from RB7 by high resistance to kanamycin and neomycin on agar plates [51] . In preliminary trials of strain culturing from nodules in plants grown in mixed inoculation treatment (n ¼ 653), we found that visually scoring exploiter strain occupancy as the percentage of non-nitrogen-fixing nodules to the total number of nodules on the whole plant, based on the absence of pink coloration, was highly correlated with scoring occupancy using antibiotic resistance assays (r ¼ 0.86). We found very few nodules infected by a mixture of strains (0.003% of cultured isolates).
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We grew replicates of 110 plant families (10 lines from nine subpopulations, and five from two sub-populations) in a randomized blocked design in the greenhouse. We exposed replicates of each line to one of three treatments: mutualist rhizobia [M], exploiter rhizobia [E] and a mixture of the mutualist and exploiter in a 3 : 1 ratio [M þ E]. In total, we grew 110 plant lines, eight replicates/line for M and E treatments and 10 replicates/line for
Seeds were germinated in sterile conditions to synchronize germination among lines, and pre-germinated radicles were planted in clean cell pack tray inserts containing sterilized lownutrient charge soil (details in the electronic supplementary material, appendix A). We randomly assigned strain treatments to each tray within each block, randomized plant lines across trays within each strain treatment and inoculated seedlings with approximately 10 6 rhizobia cells of the assigned strain treatment, with little contamination observed during the experiment (see the electronic supplementary material, appendix A). For established plants, we recorded plant mortality throughout the experiment. Following 100 days of growth, we terminated the experiment and harvested all surviving plants.
(c) Data collection
We measured several plant traits indicative of performance, fitness components and the interaction with rhizobia: (i) mortality, (ii) dry shoot and root biomass, (ii) exploiter strain root occupancy, (iv) nodule density and (v) number of days until death. Mortality was scored during the experiment while all remaining traits were scored at harvest. Exploiter strain root occupancy was estimated as the frequency of nodules that were non-fixing nodules, which was scored based on nodule colour (nitrogen-fixing nodules have a pink hue). We analysed exploiter occupancy as a proportion rather than the absolute number of non-fixing nodules because it would reflect a better measure of host preference for either the mutualist or exploiter strain. Nodule density was measured as the number of nodules per gram dry root biomass and reflects host investment in the number of nodules per unit of root tissue.
Scoring exploiter strain occupancy required destructive harvesting, precluding estimates of reproductive fitness and strain occupancy on the same individual plant. Similarly, following experimental plants until plant senescence and fruit set (more than approx. 175 days) would have led to nodule senescence and precluded accurate estimates of nodule strain occupancy on the experimental plants. However, a parallel experiment conducted in the same conditions as the experimental plants shows that biomass is highly correlated with fruit set, suggesting that it is a reliable proxy of reproductive fitness (see the electronic supplementary material, appendix B, for details).
(d) Statistical analysis (i) Testing for genetic variance in plant traits and calculating trait line means
We calculated broad-sense heritability, [45] , and the coefficient of genetic variation, CV ¼ p V g /mean [54] , for each trait within each treatment separately, except in the mixed treatment, where broad-sense H 2 and CV were also calculated on dead and live plants separately. Mortality in the mutualist treatment was too low to estimate genetic variation. Genetic variance components (V g ) for all traits were obtained from the covariance parameter estimate from the plant line term (nested within sub-population) in a mixed-model ANCOVA using Gaussian assumptions. We treated tray, population and plant line (nested within sub-population) as random effects, and block and harvest date as fixed effects. We tested for significant genetic variation among plant families and populations in all traits using a log-likelihood ratio test between full models and models without the plant line or population term, respectively [55] . As some non-fixing nodules may not contain the exploiter in the mixed inoculation, we recalculated CV and H 2 but included line mean estimates of percentage non-fixing nodules from the mutualist treatment as a fixed covariate (see next paragraph for line mean estimation methods) to exclude the possibility that V g in exploiter occupancy reflects a general propensity for plant lines to form non-fixing nodules, regardless of exploiter presence or absence. Using this, covariate did not affect statistical significance and lead to similar H 2 and CV estimates, so we present results without the additional fixed covariate.
We estimated line means for shoot biomass, percentage survival, nodule density and exploiter strain occupancy (proportion of non-fixing nodules to total nodule number) from plants in the mutualist and mixed treatments. Trait means were estimated for each line in each treatment using least square mean estimates from an ANCOVA model containing block, rhizobia treatment, plant line and plant line Â rhizobia treatment as fixed effects, and tray as a random effect. For shoot size and nodule density, we used a standard Gaussian distribution assumption and untransformed data; for shoot biomass, we log-transformed it to increase the normality of residuals (proc mixed, SAS v. 9.3). For survival, we used a binary distribution (proc glimmix, dist ¼ binary). For the proportion of non-fixing nodules, we used a binomial distribution (proc glimmix, dist ¼ binomial, total number of non-fixing nodules/total nodule number as the response). We removed four highly influential outliers (two and two observations in mixed and mutualist treatment, respectively) with nodule density estimates more than 10 s.d. from the mean.
(ii) Estimating selection on plant traits and the cost of excluding non-mutualists
Using biomass and mortality as separate fitness measures, we tested for selection on exploiter strain occupancy and nodule density by regressing line means of biomass and survival against both traits following standard methods in Lande & Arnold [44] and Rausher [56] . For biomass selection, we used line means calculated from plants that survived the duration of the experiment. For mortality selection, we used line means calculated from all established experimental plants in the mixed and mutualist treatments. Selection gradients were calculated using raw unstandardized data (b and g refer to linear and nonlinear selection gradients, respectively). To determine whether selection on non-fixing nodules or nodule density significantly differed between rhizobia treatments, we used an ANCOVA model containing the treatment, linear and second-order terms (i.e. quadratic and cross-product terms: treatment Â trait and treatment Â trait Â trait). Secondorder terms (i.e. trait 1 Â trait 1 , trait 1 Â trait 2 terms) were non-significant for biomass selection, suggesting no evidence of stabilizing, disruptive or correlational selection on surviving individuals. Because a fraction of non-fixing nodules in the mixed treatment could be immature or ineffective nodules occupied by the mutualist strain, we compared the magnitude of selection in the mixed and mutualist treatments. If we found significantly stronger, negative selection on non-fixing nodules in the mixed treatment, and either zero or positive selection in the mutualist treatment (i.e. a significant trait Â treatment interaction), this would strongly suggest that selection on the proportion of non-fixing nodules is due specifically to the presence of the exploiter, and not due to a general propensity for host lines to produce more or less immature nodules occupied by the mutualist. We repeated the ANCOVA analysis, including line mean estimates of root : shoot ratios as a covariate to exclude the inference that associations between nodule density or nonfixing nodules with shoot size reflect differences in allocation to roots. Inclusion of the root: shoot ratios in the selection analysis did not change the significance or direction of selection for either nodulation trait.
and exploiter occupancy ( proportion of non-fixing nodules in the mixed treatment) (cf. [57, 58] ). However, a neutral or negative correlation does not conclusively eliminate the possibility of a cost.
Results (a) Exploiters reduce host fitness
The presence of the exploitative strain had significant negative impacts on plant performance. As we expected, plant biomass was highest in the mutualist treatment, at intermediate values in the mixed treatment and lowest in the exploiter treatment (electronic supplementary material, table S1). All plants exposed to single inoculations of the exploiter strain died during the course of the experiment (electronic supplementary material, table S1). Plants exposed to mixed inoculations suffered 36.7% mortality, compared with mortality of 5.25% in the mutualist treatment (F 1,1723 ¼ 184.48, p , 0.0001; electronic supplementary material, tables S1 and S2), and were 65.1% smaller than plants in the mutualist treatment (F 2,1651 ¼ 163.40, p , 0.0001; electronic supplementary material, tables S1 and S2). We estimated exploiter occupancy in the mixed treatment by measuring the proportion of non-nitrogenfixing root infections, determined by nodule colour; nodule colour is highly correlated (r ¼ 0.86) with strain occupancy of nodules, based on antibiotic and plating assays (see Material and methods). Hosts that died in the mixed inoculation had 116% greater percentage of non-fixing nodules compared with plants that survived the mixed inoculation (85.89 + 01.36% and 39.75 + 0.67%, respectively; F 1,779 ¼ 1201.35, p , 0.0001; electronic supplementary material, table S3). While hosts produced some non-fixing nodules in the absence of the exploiter, plants in the mixed treatment had 185.6% higher proportion of non-fixing nodules on roots compared with plants in the mutualist treatment (F 1,1574 ¼ 214.10, p , 0.0001; electronic supplementary material, tables S1 and S2), suggesting that decreased survivorship and performance in mixed inoculation was likely to be due to higher infection rates of the exploitative strains. These data indicate that the exploiter was harmful for plant performance and fitness.
(b) Exploiter strain occupancy in host nodules is genetically variable
We consistently detected genetic variance among plant families for almost all traits across all three rhizobia inoculation treatments. Traits related to plant performance (i.e. shoot and root mass, nodule number, time until death and mortality) in the mutualist and mixed inoculation treatment showed significant genetic variation, with the exception of days until death in the mutualist treatment (electronic supplementary material, 
(c) Selection acts to reduce exploiter occupancy
For plants that survived in the mixed treatment, we found strong linear biomass selection to decrease non-fixing nodules ( figure 1a) ; parallel experiments show that biomass significantly increases with fruit set, suggesting that it accurately reflects fecundity selection (see Material and methods). While some non-fixing nodules may also contain mutualist or no symbionts in the mixed and mutualist treatment, our analysis demonstrates that selection was acting to explicitly reduce exploiter occupancy, as selection to reduce non-fixing nodules only occurred in the mixed treatment (treatment Â proportion non-fixing nodules; F 
(d) There is no cost to excluding exploitative partners
We evaluated whether there was a potential cost to excluding exploiters by determining whether host families that have a low proportion of non-fixing nodules in the presence of the exploiter (i.e. greater association with mutualist partners) also have lower relative fitness in the absence of the exploiter (cf. [57, 58] ). However, we found the opposite (albeit nonsignificant) trend, where lines with a low proportion of non-fixing nodules showed higher relative biomass in the mutualist treatment (r ¼ 20.12676, p ¼ 0.1890; figure 2), indicating that no cost to filtering exploitative rhizobia partners was detected despite a large quantitative genetic design (n ¼ 110 plant lines). These data preliminarily suggest that costs of mutualism-stabilizing traits are either absent or weak, at least for the genetic variation expressed in our experiment.
(e) Selection to reduce investment in symbiotic associations does not affect selection to reduce exploiter occupancy
In addition to measuring the proportion of non-fixing nodules, we measured the total nodule number per unit of root mass (nodule density), which characterizes host investment in symbiotic associations. In both the mutualist and mixed treatment, we detected linear selection for hosts to decrease nodule density ( figure 3a; figure 3b ; electronic supplementary material, table S5), which is consistent with patterns of selection found with biomass selection. Despite evidence that nodule density is under selection, we found no evidence that this trait will affect selection on the ability to exclude exploiters when exploiters are absent from the environment, as we found no genetic association between exploiter strain occupancy in the mixed treatment and nodule density in the mutualist treatment ( partial r ¼ 0.13801, p ¼ 0.1543; after accounting for the proportion of non-fixing nodules in the mutualist treatment).
Discussion
Mutualism theory has shown that partner choice, host sanctions or partner fidelity feedback can stabilize the mutualism by preventing exploitative genotypes from spreading to fixation in the population [15, 16] . Although evidence consistent with host stabilizing traits has been found in legumes [27] [28] [29] [30] 43] , we have little empirical data to infer potential micro-evolutionary dynamics of these traits in natural host populations [19] . Our study has filled several important empirical gaps that are critical to understand any potential evolutionary dynamics of host stabilizing traits, by showing There is no evidence to suggest that selection will favour a loss in the ability to exclude exploitative partners in the absence of exploitation, as indicated by a lack evidence of fitness cost in the trait and the lack of potential correlated evolutionary responses with investment in total symbiotic associations.
Our experiment also demonstrates selection to reduce investment in total symbiotic associations. However, the similarity in selection on nodule density between environments where an exploiter is present or absent suggests that reducing investment in the total number of rhizobia infections, per unit of root growth, is not a general mechanism to reduce association with non-beneficial hosts. We discuss these results with respect to the potential (co)evolutionary dynamics of host stabilizing traits in the presence and absence of exploitative partners.
(a) Evolution of stabilizing traits in the presence and absence of exploitative partners
The various mechanisms that might stabilize mutualisms are hotly debated [20,22 -25,59] . However, there is remarkably little evidence that these mechanisms are genetically variable in natural populations, and could indeed evolve in a direction that would either stabilize or destabilize mutualistic interactions. To our knowledge, evidence is limited to a study by Heath & Tiffin [35] , who demonstrated genetic variation in M. truncatula consistent with partner choice mechanisms using a suite of variably beneficial strains. Partner choice is usually defined as pre-interaction mechanisms to reduce infection by a potential exploiter, and several studies have found genetic variation in loci involved in partner signalling in the host [60 -63] . Thus, evidence of genetic variation has been limited to stabilizing mechanisms either among partners that are variably beneficial or in pre-infection signalling mechanisms that determine symbiotic or non-symbiotic properties of rhizobia strains. Theoretical models developed to explain mutualism stability, however, have primarily modelled symbiotic (i.e. compatible) yet binary symbiotic partner quality, where non-beneficial partners are assumed to be harmful to its host-that is, mutualist versus exploitative partners that are able to infect hosts. Our experiment is able to link the empirical and theoretical gap in the mutualism literature by using an exploiter strain that has either evolved methods of invading plant roots and inducing nodule formation or lost its ability to fix nitrogen [51] . The mere existence of a harmful yet compatible exploiter strain, combined with the fact that bacteria can reproduce (and hence respond to selection) much more quickly than their host, suggests that there will probably be strong selective pressure for the host to reduce post-infection feedback benefits by aborting or inactivating nodules [64] . Post-infection stabilizing mechanisms, such as host sanction mechanisms (as defined by Denison [8] ) and partner fidelity feedbacks (as defined by Weyl et al. [22] ) will probably play a key role in reducing infection by exploitative or inefficient rhizobia partners that possess compatible traits to invade and form root nodules. Since coevolutionary responses on post-infection traits are currently intensely debated [20, 22, 24, 25, 59] , more data on genetic variation in symbiosisrelated traits (e.g. nodule size [65] , energy storage in rhizobia [66] ) and post-infection stabilizing traits, as well as the strength of natural selection acting on them, would clarify their role in stabilizing or destabilizing mutualisms [19] . Similarly, identifying trait mismatches between species due to differing coevolutionary histories (cf. [67] ) would be helpful. Recent evidence by rspb.royalsocietypublishing.org Proc. R. Soc. B 281: 20142036
Regus et al. [43] suggests that partner choice is not plastic to environmental alterations in the costs and benefits of the mutualism. Consistent with partner choice and host sanctions, our data indicate that M. lupulina expresses significant genetic variation for the ability to filter out compatible exploitative partners and that selection will favour hosts with higher partner filtering, thus favouring a mutualism-stabilizing trait that reduces fitness rewards to exploiters. More generally, our study provides the empirical (as opposed to theoretical) possibility that hosts have the required standing genetic variation required to rapidly respond to selection imposed by invasion of exploiters. Our study also gives empirical insight into an additional, yet important evolutionary dynamic of host stabilizing traits that has not previously been considered: the maintenance of stabilizing traits in the absence of exploitative partners. Foster & Kokko [17] showed that the presence of exploitative partners was critical to maintain partner choice. An important feature of their model was a built-in assumption that partner choice is costly for hosts, which leads to it being selectively removed in the absence of exploiters. We did not detect evidence that excluding non-beneficial partners is costly for host fitness, implying that selection would not eliminate mutualism-stabilizing mechanisms in the absence of exploitation. Nor did we find strong evidence that selection would facilitate a loss in stabilizing mechanisms through a correlated evolutionary response with investment in total symbiotic associations in the absence of exploiters. However, further studies will be required to confirm these suggestive data.
(b) Alternative interpretations for genetic variation in stabilizing mechanisms
We found that plant lines that were poor at excluding exploitative partners generally had much lower performance ( figure 1a ). An alternative interpretation of the results we observed could be genetic variation in compatibility with the specific mutualist strain we used. If some plant lines in our experiment have reduced compatibility with the mutualist partner, it could result in reduced nitrogen acquisition, which could subsequently affect the ability to exclude exploiters. In other words, the observed genetic variation in strain occupancy could be due to host responses to the mutualist, rather than the exploiter specifically. Genetic variation in mutualist compatibility would change our interpretation on what putative agent of selection is acting on host traits to reduce exploiter occupation. If variation in compatibility was causing the observed selection patterns, the putative agent of selection acting on the host originates from the mutualist, not the exploiter. While we cannot completely exclude the compatibility hypothesis, several lines of evidence suggest that it is unlikely. First, if differential compatibility explained our results, we would expect that plants that did poorly in the mutualist treatment (a potential sign of incompatibility) would also have lower filtering abilities in the mixed treatment. However, we found no significant genetic correlation between plant fitness in the mutualist treatment and host filtering abilities in the mixed treatment (r ¼ 20.12468, p ¼ 0.189; figure 2) . Second, the mutualist rhizobia strain we used for our experiment came from the same locality as the host plants used in this study. Preliminary experiments using six other candidate mutualist rhizobia strains inoculated on a subset of plant lines used in this study showed no differences in host biomass for all strains tested (electronic supplementary material, figure S1 ) and consistent phenotypic selection to reduce nodule density across all beneficial strains (electronic supplementary material, figure S2 ). These data indicate that the mutualist strain used in this study did not substantially vary in mutualistic behaviour from other rhizobia strains from the same locality. Based on this evidence, it is less likely that poor partner filtering abilities are due to decreased nitrogen acquisition from beneficial, yet less compatible partners. We also detected a positive, non-significant trend to increase the proportion of non-fixing nodules in the mutualist treatment (figure 1a), which could be interpreted as selective pressure to increase the number of immature nodules. While we found little evidence of contamination, if low-level contamination by the exploiter caused the positive trend, it suggests that rhizobia (exploiter, mutualist or both) have complex frequency-dependent behaviour that enables the exploiter to reverse its negative fitness effects to become positive when it is at low frequencies.
(c) Selection to reduce investment in symbiotic associations is consistent with mutualism theory
Our results show that host populations will be under selection to reduce investment in total symbiotic associations, regardless of the quality of microbial partners belowground, indicating that host fitness is reduced if rhizobia infections are too prolific (figure 3a). As a mutualism is defined as a positive fitness feedback between reciprocating partners [5] , hosts that form no or few nodules with mutualist rhizobia are expected to have low fitness. Our data show low fitness at high nodule investment, suggesting that nodule investment is under some form of stabilizing selection. We suggest that two factors explain why we observed linear rather than stabilizing selection in our experiments. First, genetic variants with zero or low nodule investment are likely to be rare in natural populations with selection acting strongly against them, given the fitness advantages of the mutualism. Mutation accumulation or other experimental designs that minimize the strength of selection might be required to identify and study variants with zero or low nodule investment. Second, the direction of selection could be explained by density of rhizobial partners: under low rhizobial densities, higher nodule investment is likely to be favoured. However, under rhizobial densities exceeding available host infection sites, genotypes with the lowest investment will generally be favoured because of the costs of nodule production causing negative linear selection. As reported cell densities vary in field soil (more than 10-10 7 cells g 21 soil [47] ), follow-up experiments measuring other aspects of symbiotic association (e.g. nodule size, energy storage in rhizobia cells) and manipulating symbiotic bacteria densities, such that rhizobia availability is lower than the expected total number of infection sites on the host, could be used to test this hypothesis. Generally, our result of negative linear selection on nodule investment is consistent with the view in mutualism theory that a conflict of interest can occur between the hosts and symbionts due to the differing costs and benefits of the interaction, even when the interaction is mutually beneficial and lacks pure exploiters [68] [69] [70] .
Conclusion
The ability for host plants to control infection from beneficial and exploitative symbionts is a critical trait that can maintain the rspb.royalsocietypublishing.org Proc. R. Soc. B 281: 20142036 stability of the mutualisms. We found that lines of M. lupulina, when exposed to an exploitative symbiont, showed significant genetic variation for the ability to associate differentially between mutualist and exploitative symbionts. As a proof of principle, our study shows that microevolutionary responses in mutualism-stabilizing traits mediated by the host are possible. Follow-up studies quantifying variation among multiple populations, and in the ability to regulate nodule production, as well as further investigation of any potential costs of the trait or genetic correlations with other traits, will provide useful information for predicting the evolution of host stabilizing traits.
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